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Allelic exclusion of antigen-receptor genes is
ensured primarily by monoallelic locus activa-
tion upon rearrangement and subsequently by
feedback inhibition of continued rearrange-
ment. Here, we demonstrated that the basic
helix-loop-helixprotein, E47,promotedTcell re-
ceptor b (TCRb) gene rearrangement by directly
binding to target gene segments to increase
chromatin accessibility in a dosage-sensitive
manner. Feedback signaling abrogated E47
binding, leading to a decline in accessibility.
Conversely, enforced expression of E47 in-
duced TCRb gene rearrangement by antagoniz-
ing feedback inhibition. Thus, the abundance of
E47 is rate limiting in locus activation, and feed-
back signaling downregulates E47 activity to
ensure allelic exclusion.
INTRODUCTION
During lymphocyte development, variable (V), diversity (D),
and joining (J) gene segments are assembled by V(D)J re-
combination within the T cell receptor (TCR) and immuno-
globulin (Ig) loci (Jung and Alt, 2004). V(D)J recombination
is initiated by the recombination-activating gene products
RAG1 and RAG2, which cleave DNA at the recombination
signal sequences (RSSs), and is regulated in a lineage- and
stage-specific manner by accessibility of target chromatin
to the RAG1 and RAG2 proteins. Accessibility is typically
associatedwith transcription of target gene segments prior
to recombination, termed germline transcription, and his-
tone modifications such as acetylation of histone H3 and
H4 (Bassing et al., 2002; Krangel, 2003).
Two possible mechanisms have been proposed to un-
derlie allelic exclusion, the phenomenon ensuring that an
individual lymphocyte expresses only one antigen recep-Imtor (Jung and Alt, 2004). First, monoallelic activation of
the locus ensures that rearrangements do not occur simul-
taneously on both alleles (Mostoslavsky et al., 1998; Liang
et al., 2004; Goldmit et al., 2005). Second, once a produc-
tive rearrangement has been generated, a negative feed-
back signal mediated by the antigen receptor prevents
continued rearrangement (Khor and Sleckman, 2002;
Michie and Zuniga-Pflucker, 2002). Specifically, T cell re-
ceptor b (TCRb) gene assembly is initiated by Db-Jb rear-
rangements on both alleles and then monoallelic Vb-DJb
rearrangement in CD4CD8 double negative (DN) thy-
mocytes. Productive Vb-DJb rearrangement leads to the
expression of the TCRb chain in association with the
pre-TCRa (pTa) chain as a pre-TCR complex, transmitting
the signals to initiate proliferation and developmental pro-
gression toward CD4+CD8+ double positive (DP) thymo-
cytes, and to inhibit continued Vb-DJb rearrangement
(Khor and Sleckman, 2002; Michie and Zuniga-Pflucker,
2002). This inhibition of rearrangement is associated with
reduced germline transcription and histone acetylation of
the Vb genes (Chattopadhyay et al., 1998; Senoo and
Shinkai, 1998; Tripathi et al., 2002). Thus, the feedback
signal is enforced primarily at the level of Vb chromatin ac-
cessibility. The molecular mechanisms underlying mono-
allelic locus activation and reduced accessibility mediated
by pre-TCR signaling have remained largely unknown.
E12 and E47 are alternative splicing products of the
Tcfe2a (also known as E2A) gene and belong to the class
I helix-loop-helix (HLH) proteins (also called E proteins),
together with HEB and E2-2 (Murre, 2005). These proteins
bind E box sites (CANNTG) present in many regulatory
elements in immunoglobulin (Ig) and TCR loci and have
been implicated for the accessibility control of V(D)J re-
combination (Romanow et al., 2000). E2A-ablated mice
show a complete block in B cell development prior to
the onset of IgH rearrangement (Bain et al., 1997b). E2A
null mutant mice also exhibit abnormalities in T cell devel-
opment at the onset of lineage commitment (Bain et al.,
1997a; Barndt et al., 2000). During the early stages of
thymocyte development, the E proteins regulate themunity 27, 871–884, December 2007 ª2007 Elsevier Inc. 871
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Regulation of Allelic Exclusion by E47expression of components involved in pre-TCR- and
Notch-mediated signaling (Ikawa et al., 2006). Addition-
ally, the E proteins act to enforce the developmental and
proliferation checkpoints prior to pre-TCR signaling (Engel
et al., 2001; Engel andMurre, 2004). Upon pre-TCR signal-
ing, E47 DNA-binding activity declines during b selection
because the amount of E47 protein decreases and the E
protein antagonist, Id3, is induced (Engel et al., 2001).
In the present study, we demonstrated that TCRb gene
rearrangement in fetal thymocytes was perturbed by the
E47 deficiency in a dosage-sensitive fashion. The defect
in TCRb rearrangements correlated with an E47-dosage-
dependent reduction of Vb chromatin accessibility. E47
appeared to increase accessibility by directly binding to
the Vb genes, and feedback signaling abrogated E47
binding, leading to a decline in accessibility. Finally, en-
forced expression of E47 disrupted allelic exclusion by
overriding the feedback inhibition mechanism. Thus, the
concentration of E47 is rate limiting with regard to locus
activation prior to recombination, and the activity of E47
is modulated, once a productive antigen-receptor-gene
rearrangement has been generated, to suppress contin-
ued TCRb gene rearrangement.
RESULTS
E47-Dosage-Dependent Regulation
of TCRb Gene Rearrangement
Because the E proteins have been demonstrated to be in-
volved in Ig gene rearrangements and the TCRb locus
contains highly conserved E box sites in the enhancer
and promoter regions (Figure S1 available online), we con-
sidered the possibility that E47 also regulates TCRb gene
rearrangement. To examine this possibility, we analyzed
total thymocytes derived from day 15 (E15) wild-type, het-
erozygous, and homozygous mice for the E47-specific
HLH exon mutation (E47+/+, E47+/D, and E47D/D mice) for
TCRb gene rearrangements (Bain et al., 1997b) (Figure 1).
A majority of E15 fetal thymocytes remained DN, and
the thymocyte population was not considerably altered
by the E47 deficiency at this stage, allowing us to directly
compare these cell populations (Figure 1A). DNA was pre-
pared from the isolated thymocytes, and the amounts of
Vb-DJb and Db-Jb coding joints were quantified by poly-
merase chain reaction (PCR) with appropriate primers
and then Southern blotting (Figures 1B and 1C). Consider-
able amounts of Vb-DJb coding joints were detected in
E47+/+ thymocytes for 13 distinct Vb gene segments in-
volving either the Jb1 or Jb2 element (Figure 1C). In con-
trast, Vb-DJb coding joints were barely detectable in
E47D/D thymocytes and were substantially decreased in
E47+/D thymocytes (10%–20% as compared to E47+/+
cells), indicating that Vb-DJb rearrangement is highly sen-
sitive to the gene dosage of E47 (Figure 1C). Db-Jb rear-
rangement was also compromised in E47D/D and E47+/D
cells (10%–20% and 40%–60%, respectively, as com-
pared to E47+/+ cells) (Figure 1C). We note that these
values are likely to be underestimates because impaired
Vb-DJb rearrangement would elevate the abundance of872 Immunity 27, 871–884, December 2007 ª2007 Elsevier IncDb-Jb rearrangement. These results indicate that in devel-
oping thymocytes, TCRb gene rearrangement is regulated
by E47 in a dosage-sensitive manner.
Decreased E47 Protein Expression and E Box
Binding Activity by the E47 Heterozygosity
The observations described above indicate that the gene
dosage of E47 is critical for the promotion of TCRb rear-
rangement. However, a reduction in gene dosage does
not necessarily imply a decline in protein abundance. To
determine whether the amount of E47 protein was indeed
lowered in E47+/D thymocytes, we examined E47 protein
levels in E47+/+, E47+/D, and E47D/D thymocytes by immu-
noblotting with an E47-specific antibody (Figure 2A). For
this analysis, we utilized E47+/+, E47+/D, and E47D/D mice
on a Rag2/ background to obtain a homogenous thy-
mocyte population because thymocyte development in
RAG-deficient mice is arrested at the CD44CD25+ DN3
stage (Shinkai et al., 1992). We note, however, that in
the absence of E47, RAG2-deficient thymocytes progress
to become DP (Engel et al., 2001) (Figure S2A). As antici-
pated, E47 protein expression was not detectable in
E47D/DRag2/ thymocytes and was reduced 2-fold in
E47+/DRag2/ thymocytes compared to E47+/+Rag2/
thymocytes (Figure 2A).
It is conceivable that the reduction in E47 protein is
compensated by elevated expression of other E proteins,
including HEB, a major heterodimeric partner of E47 in
thymocytes (Bain et al., 1997a; Engel et al., 2001). We
thus assessed HEB protein abundance in the same set
of thymocytes by immunoblotting. HEB protein amounts
were not increased but slightly declined in E47+/DRag2/
and E47D/DRag2/ cells in an E47-dosage-dependent
manner, suggesting that HEB protein stability is de-
creased in the absence of its partner E47 (Figure 2A).
We next investigated whether overall E protein DNA-
binding activity was affected in E47+/D thymocytes. To
this end, whole-cell extracts were prepared from E47+/+
Rag2/, E47+/DRag2/, and E47D/DRag2/ thymocytes
and analyzed by electrophoretic mobility shift assay
(EMSA)with a consensus E box site as a probe (Figure 2B).
E box DNA-binding activity in E47+/+Rag2/ cells was
abolished by the E47 antibody and supershifted with an
HEB antibody, indicating that the detected complex is pri-
marily comprised of E47 and HEB (Bain et al., 1997a; En-
gel et al., 2001). As expected, E box binding activity was
decreased in E47D/DRag2/ cells compared to E47+/+
Rag2/ cells (Bain et al., 1997a; Figure 2B). In E47+/D
Rag2/ cells, E box binding activity was reduced as in
E47D/DRag2/ cells (Figure 2B). Collectively, these re-
sults indicate that E47 heterozygous thymocytes indeed
exhibit lower amount of E47 protein and concomitantly
decreased E box DNA-binding activity.
Regulation of Vb Chromatin Accessibility
by the Dosage of E47
On the basis of these data, it seems plausible that the ob-
served reductions in TCRb rearrangement by the E47 het-
erozygosity are indeed attributed to decreased amounts.
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Regulation of Allelic Exclusion by E47Figure 1. E47-Dosage-Dependent Regulation of TCRb Gene Rearrangement
(A) Flow-cytometric analysis of E47-deficient thymocytes. Thymocytes prepared from E15 E47+/+, E47+/D, or E47D/D mice were analyzed for surface
expression of CD44 and CD25 on lineage- (CD3, CD4, CD8, and DX5) negative cells.
(B) Schematic representation of the mouse TCRb locus. Vb, Db, Jb gene segments, constant (Cb) genes, and the enhancer (Eb) are indicated. A
diagram of the PCR analysis to detect Vb-DJb and Db-Jb rearrangements is also shown. Arrows indicate PCR primers.
(C) PCR analysis of TCRb rearrangement in E47-deficient thymocytes. Genomic DNAs prepared from E47+/+, E47+/D, or E47D/D E15 fetal thymocytes
were analyzed for Vb-DJb1, Vb-DJb2, Db1-Jb1, Db1-Jb2, and Db2-Jb2 rearrangements by PCR with Vb or Db upstream primer (Vn, D1, or D2) in
conjunction with Jb1 or Jb2 downstream primer (J1 or J2) and then Southern blotting. PCR products amplified from the Db1-Jb1 and Db2-Jb2 germ-
line sequences are indicated by arrowheads (GL). Equal DNA quantities were verified by PCR of the Cd3e gene with 4-fold serially diluted DNA
samples visualized by ethidium bromide gel staining. Data are representative of two independent experiments.Immunity 27, 871–884, December 2007 ª2007 Elsevier Inc. 873
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Regulation of Allelic Exclusion by E47Figure 2. Decreased E47 Protein Amounts and E Box Binding Activity by the E47 Heterozygosity
(A) Immunoblot analysis of E47-deficient thymocytes. Two-fold serial dilutions of total cell lysates prepared from E47+/+Rag2/, E47+/DRag2/ and
E47D/DRag2/ adult thymocytes were analyzed for E47, HEB, and a-tubulin. Intensities of specific bands were measured with a densitometer, and
relative intensities to E47+/+Rag2/ thymocytes are indicated as numbers.
(B) EMSA analysis of E47-deficient thymocytes. Whole-cell extracts prepared from the thymocytes as in (A) were preincubated with control IgG, anti-
E47, or anti-HEB and analyzed for binding activity to the mE5 probe. The same sampleswere tested for theOct probe as a loading control. Arrowheads
indicate specific complexes. Intensities of specific bands were measured with a densitometer, and relative intensities to E47+/+Rag2/ thymocytes
are indicated as numbers and graphs. Data are representative of two independent experiments.of E47 protein. These data raised the possibility that the
reductions in TCRb rearrangement were caused by an
E47-dosage-dependent decrease in TCRb locus accessi-
bility. To address this issue, we sought to analyze Vb and
Db germline transcription in thymocytes derived from
E47+/+, E47+/D, and E47D/D mice on a Rag2/ back-
ground, allowing the assessment of the amount of germ-
line transcript (GLT) in the absence of gene rearrangement
(Shinkai et al., 1992). As anticipated, thymocyte develop-
ment in E47+/+Rag2/ and E47+/DRag2/ mice was ar-
rested at the CD44CD25+ DN3 stage (Figure 3A). In con-
trast, the majority of thymocytes in E47D/DRag2/ mice
developed into DP cells, consistent with previous obser-
vations that E47 is essential for the enforcement of the de-
velopmental arrest in the absence of TCRb rearrangement
(Engel et al., 2001; Figure S2A). Given that it is possible to
directly compare E47+/+Rag2/ and E47+/DRag2/ thy-
mocytes that are arrested at the same developmental
stage, we first assessed the amount of Vb and Db GLT
in these thymocyte populations by real-time PCR (Fig-
ure 3B). Vb but not Db GLT abundance was substantially
decreased in E47+/DRag2/ cells as compared to E47+/+
Rag2/ cells (Figure 3B). In contrast, the E47 heterozy-
gosity did not affect Ptcra and Rag1 gene expression, de-
spite the fact that these genes have been reported to be
E47 target genes (Murre, 2005; Figure 3B). These results874 Immunity 27, 871–884, December 2007 ª2007 Elsevier Inc.indicate that Vb germline transcription is highly sensitive
to the E47 dosage.
To further explore a potential role for E47 in the modula-
tion of Vb chromatin accessibility, we assessed histone H3
acetylation throughout the TCRb locus by chromatin im-
munoprecipitation (ChIP), and then real-time PCR, by us-
ing primers located in the Vb, Db, and Jb regions, as well
as the TCRb enhancer (Eb). Consistent with previous find-
ings, histone H3 acetylation was relatively high within the
Db-Jb region and also at the individual Vb genes in E47+/+
Rag2/ thymocytes (Tripathi et al., 2002) (Figure 3C). In
E47+/DRag2/ cells, however, Vb acetylation was consid-
erably lower as compared to E47+/+Rag2/ cells (Fig-
ure 3C). Within the Db-Jb cluster, histone acetylation
was also reduced in E47+/DRag2/ cells, but relatively
higher amounts were retained when compared to the Vb
genes (Figure 3C).
We also analyzed TCRb locus accessibility in E47D/D
Rag2/ thymocytes and found that Vb but not Db GLT
was markedly reduced in E47D/DRag2/ cells compared
with E47+/+Rag2/ cells (Figure S2B). Ptcra but not
Rag1 gene expression was reduced, consistent with pre-
vious findings that the former is silenced but the latter is
reactivated in DP thymocytes. Histone acetylation at the
Vb genes was also substantially lowered (Figure S2C).
Acetylation within the Db-Jb region was reduced as well,
Immunity
Regulation of Allelic Exclusion by E47Figure 3. Decreased Vb chromatin Accessibility in E47 Heterozygous Thymocytes
(A) Flow-cytometric analysis of E47-deficient thymocytes. E47+/+Rag2/ and E47+/DRag2/ adult thymocytes were analyzed for surface expression
of CD4, CD8, CD44, and CD25 on live-gated cells (upper) and CD44 and CD25 on lineage-negative cells (Lin: CD3, CD4, CD8, and DX5) (lower).
(B) RT-PCR analysis of E47-deficient thymocytes. Vb and Db germline transcript levels in E47+/+Rag2/ (black bars) or E47+/DRag2/ (gray bars)
thymocytes were quantified by real-time PCR. Each transcript expression was normalized to b-actin mRNA, and relative transcript expression to that
of E47+/+Rag2/ thymocytes is shown as the mean of duplicate PCRs with range. Ptcra (pTa) and Rag1 (RAG1) transcript expression was also
analyzed. Data are representative of two independent experiments.
(C) ChIP analysis of histone H3 acetylation in E47-deficient thymocytes. Chromatin prepared from E47+/+Rag2/ (black bars) or E47+/DRag2/ (gray
bars) thymocytes was immunoprecipitated with anti-acetylated histone H3 (AcH3). The bound and input fractions were quantified by real-time PCR,
and ratios of bound versus input are indicated as a percentage of input for each DNA segment. Data are the mean of duplicate PCRs with range and
are representative of three independent experiments. Db1U, Db2U and Db1D, Db2D indicate upstream and downstream region of the Db1 or Db2
gene segment, respectively. Eb indicates the TCRb enhancer. Vb14S and P indicate RSS and promoter region of the Vb14 gene segment,
respectively.Immunity 27, 871–884, December 2007 ª2007 Elsevier Inc. 875
Immunity
Regulation of Allelic Exclusion by E47but higher amounts were retained than in the Vb genes
(Figure S2C). These data agree well with previous obser-
vations indicating that accessibility at the Vb genes but
not within the Db-Jb region declines as thymocytes prog-
ress from DN to DP (Chattopadhyay et al., 1998; Senoo
and Shinkai, 1998).
Collectively, these observations suggested that the
reductions in Vb-DJb rearrangement by the E47 heterozy-
gosity were caused by an E47-dosage-dependent de-
crease in Vb and Db-Jb region accessibility. However, it
remained possible that the reductions in rearrangement
were caused by a decrease in RAG1 and RAG2 expres-
sion. To examine this possibility, we assessed the Rag1
and Rag2 messenger RNA (mRNA) as well as Vb and Db
GLT amounts in E15 fetal thymocytes from E47+/+,
E47+/D, and E47D/D mice. Rag1, Rag2, and Ptcra mRNA
expression was decreased in E47D/D cells but not mark-
edly lowered in E47+/D cells (Figure S3). We note that Vb
GLT amounts were reduced in E47+/D and E47D/D cells in
a dosage-dependent manner, despite the reciprocal in-
crease in Vb germline gene dosage caused by the reduc-
tions in Vb-DJb rearrangement (Figure S3). Hence, the
abundance of Vb GLT in E47+/D and E47D/D cells would
be lower if GLT amounts were to be normalized for Vb
germline gene dosage. Taken together, these results sug-
gest that in E47+/D thymocytes, the defects in Vb-DJb
rearrangement are caused by the reduction in Vb accessi-
bility. On the other hand, the decrease in Vb-DJb rear-
rangement in E47D/D thymocytes is probably a result of
the combined effects of reduced Vb accessibility and
decreased recombinase expression.
E2A and CBP Occupancy in the TCRb Locus
and Regulation by Pre-TCR Signaling
ConservedEboxsitesarepresent in theDb2promoters,Eb,
and the majority of the Vb promoters (Tripathi et al., 2000;
Chen et al., 2001) (Figure S1). The presence of E box sites
in these regions raised thepossibility that theEproteinspro-
moteaccessibility bydirectly interactingwith these cognate
binding sites. To test this possibility, we analyzed in vivo
E2A binding throughout the TCRb locus by ChIP-on-chip
analysis with tiled arrays comprising the entire TCRb locus.
For this analysis, crosslinked chromatin was prepared from
Rag2/ thymocytes and immunoprecipitatedwith E2A an-
tibodies. Precipitated DNAwas amplified by PCR and used
as a probe for hybridization of tiled arrays. We found that
E2A did not bind continuously throughout the locus, but
ratherE2Abindingappeared topeak inproximity ofmultiple
Vb gene segments, including Vb2, Vb4, Vb1, Vb13, and
Vb14 (Figure 4). Relatively high E2A binding was also
detected in the Db-Jb and Eb region (Figure 4).
These data indicate that the E2A proteins bind to
distinct sites potentially associated with accessibility
throughout the entire TCRb locus. However, the detection
efficiency in ChIP-on-chip analysis is relatively low when
compared to ChIP analysis with real-time PCR. Conse-
quently, we next sought to examine in vivo E2A binding
by ChIP assay with real-time PCR. Similar to the array
data, high E2A binding was detected within the Db-Jb876 Immunity 27, 871–884, December 2007 ª2007 Elsevier Incand Eb region (Figure 5). Substantial E2A binding was
also detected in the majority of individual Vb gene seg-
ments, extending the number of Vb gene segments asso-
ciating with E2A in ChIP-on-chip analysis (Figure 5).
Because E2A DNA-binding activity assessed by EMSA
declines upon pre-TCR signaling (Engel et al., 2001), we
next analyzed E2A binding in the TCRb locus by ChIP as-
saywith thymocytes fromRag2/mice that were injected
with CD33 antibodies, which mimic pre-TCR signaling
(Shinkai and Alt, 1994). E2A binding was decreased con-
siderably throughout the Vb cluster and was reduced
partially within the Db-Jb region upon pre-TCR signaling
(Figure 5). In contrast, E2A occupancy at Eb was only
modestly affected (Figure 5). Thus, pre-TCR signaling
lowers E2A binding to regulatory elements present in the
TCRb locus, particularly in the Vb cluster.
Previous studies have demonstrated that E2A proteins
interact with transcriptional coactivators harboring his-
tone acetyltransferase activity, including CBP and p300
(Bradney et al., 2003). We thus examined recruitment of
CBP throughout the TCRb locus with the same ChIP strat-
egy as described above. Consistent with the in vitro inter-
action with E2A, CBP was recruited to those sites that
were also occupied by E2A (Figure 5). In agreement with
a reduction in E2A occupancy, treatment with an antibody
directed against CD3 extinguished recruitment of CBP to
the Vb regions, whereas the decrease in CBP occupancy
within the Db-Jb cluster was substantially less when
compared to those at the Vb regions (Figure 5). Addition-
ally, CBP occupancy at Eb was unaffected by pre-TCR
signaling (Figure 5). Collectively, these data indicate that
E2A and CBP concomitantly associate with regulatory
elements present in the Vb regions in vivo. Furthermore,
the data indicate that pre-TCR signaling lowers E2A
and CBP occupancy within the Vb regions, consistent
with a decline in E2A DNA-binding activity upon b
selection.
To explore the possibility that decreased E2A and CBP
occupancy upon pre-TCR signaling affects chromatin
accessibility, we examined the extent of histone H3 acet-
ylation in the TCRb locus by using thymocytes from
Rag2/ mice and Rag2/ mice treated with CD3 anti-
bodies. Consistent with a reduction in E2A and CBP bind-
ing, Vb histone acetylation was substantially decreased by
anti-CD3 treatment (Figure 5). Within the Db-Jb region,
however, acetylation remained high after treatment, in
agreement with the finding that the Db-Jb region remains
accessible in DP thymocytes (Chattopadhyay et al., 1998;
Tripathi et al., 2002; Mathieu et al., 2003). Taken together,
these results suggest that E2A binds to Vb chromatin to-
gether with CBP to increase histone acetylation and that
pre-TCR signaling abrogates histone acetylation by disso-
ciating E2A from Vb chromatin, thereby inhibiting contin-
ued Vb-DJb rearrangement.
Forced E47ExpressionOverrides Allelic Exclusion
in TCRab Transgenic Thymocytes
On the basis of the observations described above, we
hypothesized that allelic exclusion of the TCRb locus is.
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Regulation of Allelic Exclusion by E47Figure 4. ChIP-on-Chip Analysis of E2A Binding in the TCRb Locus
Custom microarrays containing 50-mer probes that tiled through the entire mouse TCRb locus were hybridized with amplicons prepared from E2A
and control IgG ChIP DNA and an input DNA. The hybridization intensity signals were normalized across the entire array, by the taking of the ratio of
the medians for all features and the normalization of them to unity. After normalization, the ratio was calculated by the division of the E2A or IgG
hybridization intensity signal by the input control signal for each oligonucleotide probe and is shown as log2 ratio. Shown are the representative
data in the forward strand among duplicates in each forward and reverse strand with similar results.ensured by the downregulation of E47 activity upon pre-
TCR signaling. To test this possibility, we examined
whether enforced expression of E47 overrides the allelic-
exclusion mechanism imposed by transgenic TCR ex-
pression. Expression of functionally rearranged TCR
transgenes transmits the feedback signal that enforces
allelic exclusion, thereby inhibiting rearrangement of the
endogenous TCRb locus at the Vb-DJb step (UematsuImet al., 1988). For this purpose, we utilized fetal thymocytes
isolated from E15 wild-type and DO11.10 TCRab trans-
genic (Tg) mice because the majority of thymocytes from
these mice are DN at this stage and permit retroviral
gene transduction with relatively high efficiency (Fig-
ure S4). Isolated thymocytes were retrovirally transduced
with a vector expressing E47 fused with the estrogen
receptor (E47-ER) or a control vector and were culturedmunity 27, 871–884, December 2007 ª2007 Elsevier Inc. 877
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Regulation of Allelic Exclusion by E47Figure 5. Modulation of E2A, CBP, and Histone H3 Acetylation in the TCRb Locus by Pre-TCR Signaling
ChIP analysis of E2A, CBP, and histone H3 acetylation in total thymocytes from untreated adult Rag2/mice (black bars) and Rag2/mice injected
with anti-CD33 5 days before preparation (white bars). Chromatin was immunoprecipitatedwith antibodies directed against either E2A or CBP or acet-
ylated histone H3 (AcH3) or with control IgG. The bound and input fractions were quantified by real-time PCR, and ratios of bound versus input are
indicated as a percentage of input for each DNA segment. Data are the mean of duplicate PCRs with range and are representative of three indepen-
dent experiments. The abbreviations defined in Figure 3C are used. AcH3 in the Vb portion are shown in a magnified scale for the clarification of the
effects of anti-CD3 treatment.on a monolayer of the thymus-derived mesenchymal cell
line, TSt-4, which supports thymocyte survival (Watanabe
et al., 1992). 4-hydroxy-tamoxifen (4-OHT) was added one
day after infection for the induction of E47-ER activity.
Three days after infection, cultured thymocytes were col-
lected and analyzed for TCRb gene rearrangements by
PCR (Figure 6A).
In wild-type thymocytes, both Vb-DJb and Db-Jb cod-
ing joints involving either the Jb1 or Jb2 gene segment
were readily detected when transduced with control or878 Immunity 27, 871–884, December 2007 ª2007 Elsevier IncE47-ER virus, irrespective of the presence or absence of
4-OHT (Figure 6A). As expected, Vb-DJb rearrangements
were inhibited in thymocytes from TCRab Tg mice when
transduced with control virus in the presence or absence
of 4-OHT, whereas Db-Jb rearrangements were unaf-
fected (Figure 6A). However, upon enforced expression
of E47-ER, TCRab Tg thymocytes exhibited substantially
elevated amounts of Vb-DJb coding joints in the presence
of 4-OHT (Figure 6A). The enhancement of Vb-DJb
rearrangements was also observed in the absence of.
Immunity
Regulation of Allelic Exclusion by E47Figure 6. Enforced E47 Expression Overrides Allelic Exclusion in TCRab Transgenic Thymocytes
(A) PCR analysis of Vb-DJb and Db-Jb coding joints in cultured thymocytes. Total thymocytes prepared from E15 wild-type (WT) and DO11.10 TCRab
transgenic (Tg) mice were transduced with control virus (Mock) or E47-ER-expressing virus and cultured with TSt-4 cells in the absence () or
presence (+) of 4-OHT. Genomic DNA prepared from cultured thymocytes was analyzed as described in Figure 1. The Cd3e gene was amplified
as a loading control. Four-fold serial dilutions of genomic DNA from adult wild-type DN (WT DN) thymocytes and TCRb DN thymocytes were used
as controls. Data are representative of four independent experiments.
(B) PCR analysis of Vb-Db signal joints in cultured thymocytes. The same sample DNAs and 2-fold serial dilutions of the control DNA used in (A) were
analyzed for Vb-Db signal joints by PCR. Data are representative of four independent experiments.4-OHT, presumably because of the partial activation of
E47-ER even in the absence 4-OHT (Figure 6A). These
data suggest that enforced expression of E47 in TCRab
Tg thymocytes induces Vb-DJb rearrangement by overrid-
ing the feedback-inhibitory signal that enforces the allelic-
exclusion mechanism.
These data are consistent with the binding of E2A pro-
teins to sites flanking the Vb and Db genes, and thus it
seems likely that high amounts of E47 would induce
Vb-DJb rearrangement by directly modulating chromatin
accessibility to the recombination machinery. However,
it is conceivable that E47 elevates the amounts of coding
joint simply by promoting the survival and proliferation ofImthymocytes undergoing TCRb rearrangement fortuitously
(Mathieu et al., 2003). To exclude this possibility, we mea-
sured the amounts of signal joints involving the Vb- and
Db-RSSs because extra chromosomal signal joints will
have been diluted out during cell division, whereas coding
joints are retained on chromosomal DNA. Thus, in order to
assess for de novo gene rearrangements, the abundance
of signal joints was examined. Substantial Vb-Db signal
joints were detected in wild-type thymocytes transduced
with either control or E47-ER-expressing virus in the pres-
ence or absence of 4-OHT (Figure 6B). Signal joints were
reduced or not detectable in TCRab Tg thymocytes trans-
duced with control virus (Figure 6B). However, enforcedmunity 27, 871–884, December 2007 ª2007 Elsevier Inc. 879
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Regulation of Allelic Exclusion by E47Figure 7. Enforced E47 Expression Antagonizes the Pre-TCR-Mediated Feedback Signal
(A) Flow-cytometric analysis of cultured thymocytes. DN thymocytes enriched from adult wild-type (WT) and TCRb Tg thymocytes were analyzed for
surface expression of CD4 and CD8 on live-gated cells and CD44 and CD25 on lineage-negative cells (Lin: CD4, CD8, and DX5) (Preculture). WT and
TCRb Tg DN thymocytes were transduced with control virus or E47-ER-expressing virus and cultured with OP9/N-DLL1 cells in the presence of880 Immunity 27, 871–884, December 2007 ª2007 Elsevier Inc.
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Regulation of Allelic Exclusion by E47E47 expression substantially elevated signal-joint forma-
tion, supporting a role for E47 to promote de novo TCRb
gene rearrangement (Figure 6B).
Forced E47 Expression Antagonizes Pre-TCR-
Mediated Feedback Signaling
In the experiments described above, we cultured DN thy-
mocytes from TCRab Tg mice and examined TCRb rear-
rangements in a bulk population of cultured thymocytes.
However, it is the pre-TCR rather than the TCRab that
mediates the allelic-exclusion process. Furthermore,
feedback inhibition of TCRb rearrangement is completed
in the DP compartment. Thus, we sought to determine
whether enforced expression of E47 induces TCRb rear-
rangement by antagonizing the pre-TCR-mediated feed-
back inhibition in DP thymocytes. To this end, DP thymo-
cytes overexpressing E47 were sorted after culture and
analyzed for signal-joint formation (Figure 7). Specifically,
DN thymocytes purified from TCRb Tg mice were trans-
duced with control or E47-ER virus and cocultured with
OP9 stromal cells expressing the Notch ligand Delta-like
1 (OP9/N-DLL1), which supports efficient development
of DP thymocytes (Schmitt and Zuniga-Pflucker, 2002).
Transduced cells were cultured in the presence of 4-
OHT and sorted for DN and DP thymocytes (Figure 7A).
DNA was isolated from the sorted cells and analyzed for
signal-joint formation by PCR (Figure 7B).
Vb-Db signal joints were readily detectable in both pre-
sorted and sorted DN populations from wild-type thymo-
cytes transduced with either control or E47-ER virus (Fig-
ure 7B). In wild-type sorted DP cells, signal joint amounts
were reducedwhen transducedwith control virus but sub-
stantially elevated upon enforced expression of E47-ER,
indicating that E47 indeed antagonized feedback inhibi-
tion in wild-type DP thymocytes (Figure 7B). Signal joints
were barely detectable in mock-infected TCRb Tg thymo-
cytes, even in DN cells, indicating that feedback inhibition
mediated by the pTa and transgenic TCRb chains is
already completed in DN cells (Figure 7B). In contrast,
enforced E47 expression showed elevated signal-joint
formation in TCRb Tg thymocytes, indicating that E47
overexpression overrides feedback inhibition enforced
by the pre-TCR complex. Taken together, these data
demonstrate that allelic exclusion of the TCRb locus is
enforced by downregulation of the E47 activity upon
pre-TCR signaling.
DISCUSSION
The data presented here suggest that E47 promotes TCRb
gene rearrangement by recruitment of histone acetyl-
transferase activity, providing accessibility of RSSs to
the recombinase. In order to induce rearrangement, en-Imforced E47 expression is expected to recruit CBP and in-
crease histone acetylation on target chromatin. In support
of this prediction, we recently found that ectopic expres-
sion of E47 in nonlymphoid cells recruits CBP and elevates
histone acetylation at the Vk gene segments in the Igk
locus prior to gene rearrangement (S.S. and Y.A., unpub-
lished data). The data also indicate that E2A and CBP
occupancy at Vb regions was reduced upon pre-TCR sig-
naling, consistent with a decrease in Vb histone acetyla-
tion. Thus, pre-TCR transmits the feedback inhibitory sig-
nal to reduce Vb accessibility by inhibiting E2A binding,
preventing continued rearrangement. However, histone
acetylation within the Db-Jb region remained high after
pre-TCR signaling, even though E2A and CBP binding
was partially reduced. These data seem to contradict
the substantial reduction in histone acetylation observed
within the Db-Jb region in E47D/DRag2/ DP thymocytes.
How can we reconcile the differences in Db-Jb histone
acetylation observed in wild-type and E47D/DRag2/ DP
cells? We would like to propose the following mechanism
that underpins these differences. In E47+/+Rag2/ DN3
thymocytes, high E2A and CBP binding and histone acet-
ylation within the Db-Jb region were observed. However,
in DP cells, E2A and CBP binding within the Db-Jb region
was partially reduced, whereas histone acetylation was
not lowered when compared to DN3 cells. We suggest
that residual E2A and CBP binding permits the induction
of histone acetylation in DP cells. Alternatively, once es-
tablished, histone acetylation within the Db-Jb region
might be maintained without continued recruitment of
E2A and CBP or by transcription factors distinct from
E2A. In contrast, in E47D/DRag2/ thymocytes, histone
acetylation within the Db-Jb region never reaches a maxi-
mum amount throughout developmental progression
because of the reduction in E box DNA-binding activity.
How does pre-TCR signaling reduce E2A binding to
cognate binding sites within the Vb genes? It has been
shown that E protein DNA-binding activity is abrogated
by rapid induction of the E protein inhibitor Id3, as well
as a decrease in E47 protein abundance upon pre-TCR-
and TCR-mediated signaling (Engel et al., 2001; Bain
et al., 2001). We have also found that E protein amounts
are decreased in TCR Tg DN thymocytes as compared
to wild-type DN thymocytes, in agreement with the obser-
vation that overexpression of E47 breaks allelic exclusion
in TCR Tg thymocytes (Y.A., unpublished data). Lowered
amounts of E47 protein in normal DP thymocytes would
also account for the inhibition of continued Vb-DJb rear-
rangement, ensuring allelic exclusion (Engel et al., 2001).
Thus, we propose that both the rapid induction of Id3
and a decline in E47 and possibly HEB protein abundance
upon pre-TCR signaling contribute to the enforcement of
the TCRb allelic-exclusion mechanism.4-OHT. Cultured thymocytes were analyzed for surface expression of CD4, CD8, and a human CD25marker. hCD25-positive and CD4 CD8 DN or DP
populations were sorted and analyzed for the verification of the purity of the sorted populations (Postculture).
(B) PCR analysis of Vb-Db signal joints in cultured thymocytes. Genomic DNA prepared from presorted (Total) and postsorted hCD25-positive and
CD4 CD8 DN or DP thymocytes was analyzed for Vb-Db signal joints by PCR as shown in Figure 6. Two-fold serial dilutions of the control DNA used in
Figure 6 were also included. The Cd3e gene was amplified as a loading control. Data are representative of three independent experiments.munity 27, 871–884, December 2007 ª2007 Elsevier Inc. 881
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histone acetylation is the sole function of E47 in the pro-
motion of TCRb gene rearrangement. We consider this
unlikely on the basis of the following observations. In
E47-deficient mice and in anti-CD3-treated Rag2/
mice, histone acetylation of the most downstream Vb14
gene remains high or slightly elevated, consistent with
previous findings that Vb14 germline transcription is con-
versely upregulated during the DN-to-DP development,
unlike other Vb genes (Chattopadhyay et al., 1998; Senoo
and Shinkai, 1998). Despite the high histone acetylation,
TCRb rearrangement involving the Vb14 gene segment
is similarly inhibited as other Vb segments in E47-deficient
cells and in normal DP cells, indicating that histone acety-
lation is a prerequisite but not sufficient per se. We note
that such a scenario is consistent with a recent study
demonstrating that feedback inhibition is enforced by
mechanisms beyond accessibility and might involve
suppression of looping of Vb genes into the proximity
of the DJb region (Jackson et al., 2005; Sayegh et al.,
2005).
The observations described here indicate that enforced
E47 expression induces TCRb rearrangement by antago-
nizing feedback inhibition enforced by the pre-TCR com-
plex in DP thymocytes. We postulate that this antagonism
is due to the direct effects of E47 on TCRb locus accessi-
bility. However, it is conceivable that the antagonism is
caused by the suppression of genes encoding proteins
required to enforce feedback inhibition of TCRb rear-
rangement. For instance, expression of the transgenic
TCR itself or E47 proteins involved in pre-TCR signaling
might be compromised by enforced E47 expression.
However, we found that transgenic TCR expression was
not affected by E47 overexpression. Furthermore, previ-
ous data have indicated that E47 activates, rather than in-
hibits, the expression of genes encoding proteins involved
in pre-TCR signaling, including Ptcra and Lat (Ikawa et al.,
2006). Thus, we favor a mechanism in which E2A directly
controls TCRb rearrangement at a level of locus accessi-
bility and/or long-range genomic interaction, such as
monoallelic looping (Sayegh et al., 2005).
Because E47 is required to enforce the developmental
arrest in the absence of TCRb rearrangement, we consid-
ered the possibility that enforced expression of E47 blocks
developmental progression during b selection, allowing
continued TCRb rearrangement through an indirect mech-
anism. However our data indicate that E47 overexpression
does not block but rather facilitates the development of
DP thymocytes. These results clearly exclude the possibil-
ity that E47 overexpression facilitates TCRb rearrange-
ment indirectly by blocking developmental progression
during b selection. Rather, we suggest that enhanced
developmental progression by E47 overexpression is
due to the activation of genes involved in pre-TCR- and
Notch-mediated signaling prior to b selection (Ikawa
et al., 2006). Thus, prior to the expression of a pre-TCR
complex, high amounts of E47 would induce T lineage
commitment, whereas once a pre-TCR complex has
formed, E47 protein abundance declines to prevent con-882 Immunity 27, 871–884, December 2007 ª2007 Elsevier Inctinued TCRb rearrangement and to allow developmental
progression toward the DP cell stage.
The data bring into question whether E47 is the sole fac-
tor controlling TCRb gene rearrangement and allelic exclu-
sion.Weconsider this unlikely because forcedE47expres-
sion in thymocytes carrying a TCRb transgene does not
fully rescue TCRb rearrangement to amounts similar to
that observed in wild-type thymocytes. Rather, we sug-
gest that other factors including Ets-1 control TCRb allelic
exclusion bymodulating E47 activity (Eyquemet al., 2004).
Furthermore, wenote that unlike in fetal thymocytes, TCRb
rearrangement in adult thymocytes is not perturbed by the
sole absence of E47 but rather by the combined activities
of HEB and E2A (Barndt et al., 2000). It will thus be impor-
tant to determine howE47 functionswith Ets-1 andHEB to
modulate TCRb gene rearrangement and allelic exclusion.
In addition to the feedback-inhibition mechanism, allelic
exclusion depends on monoallelic locus activation, which
is ensured by regulated epigenetic changes on one allele
and by stochastic and infrequent activation of the anti-
gen-receptor locus undergoing gene rearrangement
(Liang et al., 2004; Goldmit et al., 2005). Specifically, it
has been shown that within the Igk locus, one allele
becomes preferentially subjected to histone acetylation,
whereas the other allele is recruited to heterochromatin,
and that stochastic activation of the locus is monoallelic,
implying that two allelic loci compete for transcription
factors that are concentration limiting to allow activation
of the locus (Liang et al., 2004; Goldmit et al., 2005). The
present study demonstrated that the dosage of E47 af-
fected TCRb gene rearrangement, as well as germline
transcription and histone acetylation, suggesting that
E47 amounts are rate limiting with regard to the locus ac-
tivation, leading to recombination reaction. In summary,
regulated epigenetic changes and E47-mediated infre-
quent activation might act in concert to promote monoal-
lelic TCRb gene rearrangement. Thus, we propose that at
least two mechanisms underlying TCRb allelic exclusion
are coupled by E47: (1) The abundance of E47 is rate lim-
iting with regard to locus activation contributing to mono-
allelic rearrangement, and (2) the feedback signal medi-
ated by the antigen-receptor complex downregulates
E47 activity to suppress continued gene rearrangement.
EXPERIMENTAL PROCEDURES
Detailed methods, including all the oligonucleotide sequences and
PCR protocols, are described in the Supplemental Data.
Mice
All the mice including E47-deficient (Bain et al., 1997b), RAG2-defi-
cient (Shinkai et al., 1992), DO11.10 TCRab Tg (Murphy et al., 1990),
and Vb8 TCRb Tg (Uematsu et al., 1988) mice were maintained in
specific pathogen-free conditions. C57BL/6 and Balb/c mice were
purchased from Japan SLC. All animal experiments were approved
by the Institute of Laboratory Animals, Faculty of Medicine, Kyoto
University, and University of California, San Diego.
Flow-Cytometric Analysis and Cell Sorting
Flow-cytometric analysis was performed as described (Agata et al.,
2001). The antibodies used were purchased from BD Biosciences.
Immunity
Regulation of Allelic Exclusion by E47PharMingen or eBioscience, as described in the Supplemental Data.
Stained cells were analyzed using a FACS Calibur (BD Biosciences)
and FlowJo software (Tree Star). Cell sorting was performed with an
EPICS ALTRA (Beckman Coulter).
Retroviral Transduction and Culture of Thymocytes
Retroviral transduction with the expression vector for E47 fused with
the estrogen receptor and a humanCD25marker mediated by an inter-
nal ribosome entry site (pCSRetTAC E47-ER) and the control vector
(pCSRetTAC AS3) was performed as described (Sayegh et al., 2003).
Retroviral supernatants were prepared with the Plat-E packaging cell
line (Morita et al., 2000), kindly provided by T. Kitamura (University of
Tokyo, Japan). Transduced cells were cocultured with the thymus-de-
rived mesenchymal cell line, TSt-4 (Watanabe et al., 1992), or a bone
marrow stromal cell line, OP9/N-DLL1, which was generated by retro-
viral transduction of theOP9 cell line (Kodama et al., 1994) with themu-
rine Delta-like 1 gene, one of the Notch ligands, and the human NGF-R
gene as a marker. A similar system has been shown to be functional in
supporting T cell development (Schmitt and Zuniga-Pflucker, 2002).
4-OHT was added to induce the E47-ER activity (Sayegh et al., 2003).
PCR Analysis for TCRb Gene Rearrangements
Genomic DNA was prepared from thymocytes as described (Agata
et al., 2001). Coding joints and signal joints were amplified by PCR
with Platinum Taq DNA polymerase (Invitrogen) and AmpliTaq Gold
DNA polymerase (Applied Biosystems), respectively. PCR products
were analyzed by Southern blot with specific oligonucleotide probes.
RT-PCR Analysis for Germline Transcription
Total RNA was prepared from thymocytes with TRIzol (GIBCO BRL).
Contaminating genomic DNA was removed with DNA-free (Ambion),
and complementary DNA (cDNA) was synthesized with Moloney
murine leukemia virus (MMLV) reverse-transcriptase Superscript III
(Invitrogen) and Oligo (dT)20 primer. Transcript levels were quantified
by real-time PCR with QuantiTect SYBR Green PCR mix (QIAGEN)
on an Opticon2 DNA Engine (MJ Research).
Immunoblot Analysis
Total cell lysates were prepared from viable thymocytes purified with
Lympholyte-M (Cedarlane) and analyzed by immunoblot with anti-
E47 (BD Biosciences G127-32), anti-HEB (Santa Cruz A-20), or anti-
aTubulin (Calbiochem CP06) antibodies and the ECL Plus western
blotting detection system (Amersham Pharmacia Biotech). Images
were captured and intensities of specific bands were measured with
a LAS-3000 imaging system (Fuji Film).
Electrophoretic Mobility Shift Assay
EMSA analysis was performed with whole-cell extract prepared from
thymocytes as described (Engel et al., 2001). Fifteen micrograms of
whole-cell extract was preincubated with control normal rabbit IgG
(Santa Cruz), E47 (BD Biosciences G127-32), or HEB (Santa Cruz
A-20) antibodies and analyzed for binding activity to the mE5 or Oct
probe. Images were captured and intensities of specific bands were
measured with a BAS-3000 imaging system (Fuji Film).
Chromatin Immunoprecipitation
ChIP assay was performed as described (Agata et al., 2001). Thymo-
cytes were fixed with 1% formaldehyde for 5 min (AcH3) or 20 min
(E2A, CBP, and normal rabbit IgG) at room temperature. Soluble chro-
matin was prepared from 3 3 106 fixed thymocytes and immunopre-
cipitated with control normal rabbit IgG (Santa Cruz) and AcH3
(Upstate), E2A, and CBP (Santa Cruz) antibodies. DNA was purified
from the bound and input fractions and quantified by real-time PCR
as described in reverse transcriptase (RT)-PCR.
ChIP-on-Chip Analysis
Custom microarrays were prepared by GeneFrontier. The arrays con-
tained oligonucleotide probes that tiled through the 740,000 bp regionImof the mouse chromosome 6 containing the entire mouse TCRb locus,
from 40,810,000 to 41,550,000 according to the mouse genome se-
quence in the University of California, Santa Cruz browser. The probes
represented both the forward and reverse strands, each having 33,942
50-mer oligonucleotides, were spaced every ten bases, and were
printed at two random locations in each strand on the array. Amplicons
were prepared from the E2A and control IgG ChIP DNA and from the
input DNA with ligation-mediated PCR, according to the manufac-
turer’s instructions. Labeling and hybridization were performed by
GeneFrontier.
Supplemental Data
Experimental Procedures, five figures, and one table are available at
http://www.immunity.com/cgi/content/full/27/6/871/DC1/.
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